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We carry out an experimental feasibility study of a magnetic field sensor based on the kinetic inductance of
the high-Tc superconductor yttrium barium copper oxide. We pattern thin superconducting films into radio-
frequency resonators that feature a magnetic field pick-up loop. At 77 K and for film thicknesses down to
75 nm, we observe the persistence of screening currents that modulate the loop kinetic inductance. According
to the experimental results the device concept appears attractive for sensing applications in ambient magnetic
field environments. We report on a device with a magnetic field sensitivity of 4 pT/
√
Hz, an instantaneous
dynamic range of 11 µT, and operability in magnetic fields up to 28 µT.
The kinetic inductance of superconductors has found
many applications in fields as diverse as bolometry1,2,
parametric amplification3,4, current detectors5, and sens-
ing of electromagnetic radiation6,7, to name but a few.
Each device harnesses a certain type of a non-linearity of
the kinetic inductance Lk, such as that induced by tem-
perature, electric current, or non-equilibrium quasipar-
ticles. In sensor applications, radio-frequency (rf) tech-
niques are often employed in observation of the variations
of Lk: a high sensitivity follows from the intrinsically low
dissipation of the superconductors, manifesting itself as
a high quality factor of resonator circuits, for example.
The general advantages common to all Lk sensors have
motivated the development of kinetic inductance mag-
netometers (KIMs), devices that combine the Lk cur-
rent non-linearity with magnetic flux quantization8,9. In
comparison to the most established category of sensitive
magnetometers, i.e., superconducting quantum interfer-
ence devices (SQUIDs), KIMs have certain benefits. KIM
fabrication involves only a single-layer process that avoids
Josephson junctions which are the central components of
SQUIDs. Furthermore, KIMs typically have a higher dy-
namic range, and they enable operation in demanding
ambient magnetic field conditions. KIMs also unlock the
ability to use frequency multiplexing for the readout of
large sensor arrays where each magnetometer has a ded-
icated eigenfrequency6,10.
In this Letter, we demonstrate KIMs fabricated from
yttrium barium copper oxide (YBCO). YBCO is a high-
Tc superconductor that enables KIM operability at ele-
vated temperatures T , allowing for cooling with liquid
nitrogen. Non-linear Lk of YBCO has previously been
evaluated for bolometric2 (direct7) detection of infrared
(optical) radiation. A further benefit of the material is its
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high tolerance against background magnetic fields, which
has recently culminated in a YBCO rf resonator with
a quality factor of about 104 at T < 55 K and at a
magnetic flux density of 7 T applied parallel to the su-
perconducting film11. From a sensitivity viewpoint, an
important benchmark for our KIM are state-of-the-art
YBCO SQUID magnetometers12 that have a sensitivity
better than 50 fT/
√
Hz. However, these SQUIDs suffer
from a complicated fabrication process that makes mass
production difficult, and in order to extend the dynamic
range beyond a few nT, they need to be operated in a
flux-locked loop requiring at least four wires to each cold
sensor.
We review the KIM operating principle, starting from
the Lk current non-linearity13,14,
Lk = Lk0[1 + (Is/I
∗)2]. (1)
In anticipation of using it for magnetometry, we have
plugged in a screening current Is, the flow of which is
enforced by magnetic flux quantization. Lk0 is the kinetic
inductance at Is = 0, and I∗ is a normalizing current on
the order of the critical current Ic. Assuming that Lk is
a property of a superconducting loop with an area A, we
formulate the flux quantization as
(Lg + Lk)Is −B0A = mΦ0, (2)
where Lg is loop geometric inductance, B0 the spatial
average of the magnetic flux density threading the loop,
and mΦ0 an integer times the magnetic flux quantum.
Sensitive magnetometry calls for a decent kinetic in-
ductance fraction αk = Lk/(Lg + Lk), and an effective
method of observing the B0-induced inductance varia-
tions. To establish an rf readout, two opposite edges
of the loop are connected with a capacitor that leaves
Is unperturbed, but creates an rf eigenmode together
with the loop inductance. Then, the inductance variation
ar
X
iv
:1
81
0.
12
72
5v
1 
 [p
hy
sic
s.i
ns
-d
et]
  3
0 O
ct 
20
18
2translates into a changing resonance frequency, a quan-
tity which is probed by coupling the resonator weakly
into a 50-Ω readout feedline. Two KIMs of this kind
have recently been reported: the materials of choice have
been NbN8 and NbTiN9, both of which are low-Tc super-
conductors whose disordered nature provides a magnetic
penetration depth15 λ exceeding several hundreds of nm.
For films with a thickness d  λ, the kinetic surface
inductance equals µ0λ2/d, with µ0 the vacuum perme-
ability.
In the design of our high-Tc KIM [Fig. 1(a)], we use as
a guideline the theoretical responsivity on resonance8∣∣∣∣ ∂V∂B0
∣∣∣∣ = Q2tVinIsA4QeLtotI∗2[1/αk + 3(Is/I∗)2] (3)
that describes how the magnetic flux sensitivity of the
resonator voltage V is related to the electrical and geo-
metric device parameters. The readout rf power Prf is
expressed through an excitation voltage amplitude Vin.
The total inductance Ltot equals one quarter of the loop
inductance plus the contribution of the parasitic trace
connecting the two halves of the loop. Qt (Qe) de-
notes the loaded (external) quality factor. We choose
a maximal loop area allowed by fabrication technology
A = (8 mm)2. We anticipate that reaching a signifi-
cant αk is the main bottleneck: The reported values16 of
the YBCO λ in the low-T limit are only 150 − 200 nm,
and few devices have previously featured long supercon-
ducting traces with a small cross-section17. We select
a conservative value of w = 10 µm, and compare de-
vices with a variable d ≤ 225 nm. The shunt capaci-
tor C ' 16 pF, which determines the unloaded angular
resonance frequency through the relation (LtotC)−1/2, is
formed from interdigitated fingers of width 10 µm and
gap 5 µm. We target a loaded resonance frequency fr of
about 250 MHz.
Sample A was fabricated on a 10× 10 mm2 r-cut sap-
phire substrate with a yttria-stabilized zirconia (YSZ)
and a CeO2 buffer layer to support the epitaxial growth
of a d = 225 nm YBCO film. As the deposition process of
thin YBCO films is optimized for MgO, Sample B (Sam-
ple C) with a d = 75 nm (d = 50 nm) YBCO film was
fabricated on a 110 MgO substrate without buffer layers
instead. Low-loss microwave-resonant YBCO structures
have previously been reported on both substrate mate-
rials7,11. The YBCO films were deposited with pulsed
laser deposition (PLD) and the devices were then pat-
terned with optical lithography using a laser writer and
argon ion beam etching. For Samples A and C a simple
S1318 photoresist mask was used, while for Sample B a
hard carbon mask was chosen to avoid degradation of the
thin superconducting film by the photoresist. The carbon
mask was deposited with PLD and patterned by oxygen
plasma etching through a Cr mask. The ion beam etch-
ing process was monitored with secondary ion mass spec-
trometry for endpoint detection. We attach the KIMs
onto a printed circuit board (PCB) that has copper pat-
terns for rf wiring and magnetic bias coils [Fig. 1(b)].
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FIG. 1. Magnetometer and its readout scheme. (a) The su-
perconductor mask layout of Sample B with an on-chip shunt
capacitor, a coupling capacitor, and bondpads highlighted in
red, blue and green, respectively. The trace widths are not to
scale. (b) A photograph of a magnetometer chip (Sample B)
on a sample holder PCB. The 44-mm-diameter PCB hosts a
three-turn dc bias coil on its top surface, and a single-turn ac
bias coil at the bottom. The calculated mutual inductance be-
tween the superconducting loop and the dc (ac) coil is 20 nH
(5.3 nH). (c) A simplified rf readout schematic where three
copies of an rf carrier are taken to ensure phase stability. The
resonator encodes the magnetic signal into the sidebands of
the first copy at low temperature T . Before amplification, the
(optional) second copy interferometrically cancels the carrier
power. The third copy is a reference used in the demodulation
of the magnetic signal to dc.
The first KIM characterization is the measurement of
the resonance lineshape and its sensitivity to the mag-
netic field. As Lk makes the resonator a sensitive ther-
mometer2, we resort to immersion cooling in liquid nitro-
gen at T = 77 K. We use a high-permeability magnetic
shield that not only protects the sample from magnetic
field noise, but also prevents trapping of flux vortices dur-
ing the time when the sample crosses Tc. The core ele-
ments of the readout electronics are a low-noise rf pream-
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FIG. 2. Characterization as functions of readout frequency
and static magnetic field B0. The measurements of Sample
A [(a),(c)] and Sample B [(b),(d)] show a qualitatively simi-
lar response to a variable B0 (colors) induced by the dc bias
coil. (a),(b) The dip in the transmission S-parameter mag-
nitude 20 log10 |2V/Vin| gives information on the changes in
the Lk and dissipation in the superconducting loop. (c),(d)
The responsivity | ∂V
∂B0
/V | is extracted from the simultaneous
measurement of a 1-kHz magnetic probe tone produced by the
ac bias coil. The Sample A (B) probe magnitude is 140 nT
(30 nT). The responsivity maxima are indicated with dots.
(e) The shift in the resonance frequency is converted into a
normalized change in inductance, and presented as a function
of B20 . (f) Maximal responsivity as a function of B0. The
solid lines in (e) and (f) are linear fits.
plifier18 followed by a demodulation circuit (IQ mixer),
and analog-to-digital converters [Fig. 1(c)]. We sweep the
frequency of a weak (Prf ≤ -66 dBm) rf tone across the
resonance. We simultaneously apply a static B0 as well as
a weak ac probe tone at a frequency of 1 kHz. From the
averaged in-phase (I) and quadrature (Q) components of
the output we extract the complex-valued transmission
parameter S21 = 2V/Vin. In addition, we use ensemble
averaging of the modulated output voltage to extract the
responsivity ∂V/∂B0 corresponding to the probe tone.
From the best fits19 to S21 we extract fr, Qe, and
the internal quality factor Qi. Applying B0 shifts fr
downwards in Samples A and B [Fig. 2(a,b)], but not
in Sample C which has the thinnest film. We suspect
that a residual dc resistance prohibits the proper flux
quantization. However, also Sample C reacts to an ac
magnetic excitation, and at a lower T ≈ 60 K we ob-
serve the proper dc response as well. We convert the
frequency shifts of Samples A and B into an equivalent
change in Ltot and observe a quadratic dependence on
B0 [Fig. 2(e)], which is in line with Eqs. (1-2). Unlike in
low-Tc KIMs8,9, we do not observe reseting of the sample
to Is = 0 [i.e., into a finite m in Eq. (2)] upon crossing
a threshold B0 corresponding to Is = Ic. Instead, the
resonance of Sample A (B) stays put at B0 ≥ 28 µT
(B0 ≥ 9 µT). We attribute this to flux trapping that
most likely occurs at the sample corners where the inho-
mogeneous bias field of the square coil is the strongest
(about 1.5B0). Ref. 20 proposes a flux-trapping condi-
tion of the form Is ≥ IT ∝ (Jcd)3/4w1/2 where Jc is the
critical current density.
Regarding the quality factors, we note that Sample A is
overcoupled withQe = 350 much smaller thanQi ≤ 2100.
Sample B is close to being critically coupled (Qe = 3500,
Qi ≤ 3700). The observed Qi variations are on the order
of 10%. Low internal dissipation is key to achieving high
device sensitivity. Thus, we discuss the possible mecha-
nisms affecting Qi. Firstly, the resistive part of the super-
conductor rf surface impedance generates loss that grows
with increasing T , Is, and surface roughness21,22. The
dielectric losses of the substrates should not play a role:
both sapphire and MgO have low relative permittivity
(sapphire: r = 9.3 and rz = 11.3 anisotropic, MgO:
r = 9.6) and low dielectric loss tangents23–25 (<4 ·10−6)
at T = 77 K. A loss mechanism related to the PCB de-
serves further attention: the presence of the bias coils
made of resistive copper. In Ref 8 as well as for the
data presented in Figs. 2-3 for Sample A, bias coil rf de-
coupling is attemped with series impedances (resistance,
inductance) on the order of hundreds of Ohms within
the coils. This has allowed for Qi = 1000 − 2000, but
we have learned that higher values can be reached with
an arrangement where the bias coils are grounded at rf
and the readout is mediated by stray coupling between
the KIM and the coils18. Samples B and C as well as
a subsequent cooldown of Sample A (Fig. 4) have been
prepared using this new method.
The device responsivities are presented in Fig. 2(c,d) as
a function of the readout frequency. They are of the nor-
malized form |V −1∂V/∂B0|: this is a convenient quantity
because both ∂V/∂B0 and V experience the same gain
of the readout electronics. The measured readout fre-
quency dependencies are Lorentzians that peak on res-
onance. We use these data for the estimation of the
sensor dynamic range8, which is approximately 11 µT
(2.8 µT) for Sample A (B) at high responsivity. As ex-
pected, the responsivity vanishes at the first-order flux-
insensitive points where Is = 0. The peaks of the respon-
sivity Lorentzians, shown as a collection in Fig. 2(f), are
linearly proportional to B0. If we normalize Eq. (3) in
the limit of low αk  1,∣∣∣∣ 1V ∂V∂B0
∣∣∣∣ ≈ Q2iA2(Qi +Qe) αkIsLtotI∗2 , (4)
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FIG. 3. Measured magnetic noise of Samples A and B at
a high readout power of −19 dBm, −46 dBm, respectively.
The fits to the low-frequency noise (lines) are of the form ∝
f−0.50 with −0.50 the best-fit exponent. The longer averaging
time of Sample B makes the measurement more susceptible
to drifts that are a likely explanation for the noise rise at f <
4 Hz. The spectral peak at 1 kHz is a deterministic magnetic
probe tone, but other peaks are either due to the pick-up of
rf interference, or generated by the readout electronics.
we obtain a model which is in line with the measured
trend since there is an approximately linear mapping
from B0 into Is [consider Eq. (1) at m = 0]. The mea-
sured linear slope of the responsivity is about six times
steeper in Sample B, which is primarily an indication of a
higher αk and a lower I∗ resulting from the thinner film.
To determine the magnetic field sensitivity of Samples
A and B, we record 1.0 s voltage traces and average the
squared modulus of their Fourier transform. We do this
at fr as a function of Prf : importantly, a carrier can-
cellation circuit [Fig. 1(c)] is activated now to avoid the
saturation of the electronics. We also compare B0 bias
points with a high and a vanishingly small responsivity
to the magnetic flux. At low Prf we observe a white
voltage spectrum determined by thermal noise and noise
added by the preamplifiers. As we increase the power, a
1/f -like spectrum emerges and eventually dominates the
voltage noise18. The voltage spectra at the high respon-
sivity and at the highest rf power have been converted
into the magnetic domain in Fig. 3, yielding a sensitivity
of about 4 pT/
√
Hz at 10 kHz for both KIMs. We can
rule out direct magnetic field noise because the voltage
spectrum is similar at the operating point with vanish-
ing responsivity. The origin of the 1/f mechanism is
currently not fully understood. The 1/f output voltage
spectral density scales linearly with Vin.
Finally, we probe the resonances of Samples A and C
at a variable temperature. Here, the cooling is mediated
by He exchange gas. The extracted fr(T ) and Qi(T ) are
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FIG. 4. Measured temperature dependencies of Samples A
and C in which the film thicknesses are d = 225 nm, 50 nm,
respectively. The resonance frequency (a) and the internal
quality factor (b) are presented as a function of T . See text
for the model used for the fits (lines).
the most sensitive to T when the devices are just below Tc
(Fig. 4). We compare the frequency data to an analytical
model7,26:
fr(T )− fr(Tmin)
fr(Tmin)
∝ λ(T = Tmin)−λ0
[
1−
(
T
Tc
)2]−1/2
,
(5)
where Tmin is the lowest T in the dataset, and λ0 =
λ(T = 0). For both samples, the best fits of this form
have Tc = 90.5 ± 0.2 K and λ(T = 77 K) ≈ 1.9λ0
[Fig. 4(a)]. On the other hand, we deduce that Qi(T ) be-
comes dominantly limited by the intrinsic rf losses when
it drops below 103 near Tc [Fig. 4(b)].
In conclusion, we have demonstrated high-Tc ki-
netic inductance magnetometers with a sensitivity of
4 pT/
√
Hz at 10 kHz and T = 77 K. They tolerate back-
ground fields of 9− 28 µT, which is close to the Earth’s
field. We anticipate that changing the sensor geome-
try by implementing narrow constrictions9 to reduce Ic
should allow for periodical resets, enabling operation at
even higher fields. The constrictions should also help to
increase the kinetic inductance fraction, a likely route to-
wards a higher device responsivity. Considering the sen-
sitivity, we would find useful a further study of the cause
of the low-frequency noise, and methods to minimize it.
Future investigations of the YBCO KIM could also eval-
uate the possibility of beating the 200-mT limit of the
perpendicular background field of the NbTiN KIM9.
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RF COUPLING CONFIGURATIONS
Our magnetometers are rf resonators that have a con-
siderable size: the edge length of the inductive loop is
W = 8 mm. Hence, there can be unwanted couplings,
mediated by rf electromagnetic fields, between the res-
onator and its surroundings. Therefore it is important
to analyze a full rf system consisting of the magnetome-
ter, its connection to an rf feedline, and two concentri-
cally placed low-frequency bias coils. The feedline and
the coils are on a sample holder printed circuit board
[Fig. 1(b)]. In the worst case, dissipative elements in the
vicinity of the magnetometer can limit the maximal at-
tainable quality factor of the resonance. This in turn will
affect the device responsivity, i.e., its ability to transduce
magnetic field variations into rf domain.
To gain insight into the full rf system, we have exper-
imentally tested four rf coupling configurations labeled
A-D (Fig. S1). They differ from each other in the way
the rf return current from the resonator to the sample
holder ground is arranged. We change the configuration
by rearranging bondwires that connect the magnetometer
to the sample holder. Furthermore, some configurations
choose to enforce rf grounding of the bias coils, and some
choose to control the resonator-feedline coupling strength
with a discrete capacitor Cc.
The experimental data presented in Figs. 2-4 have
been measured in the following rf coupling configura-
tions: Sample A is in configuration A in Figs. 2-3 with
Cc = 0.9 pF. For Fig. 4, the coupling of Sample A has
been changed to configuration B with Cc = 0.9 pF. Sam-
ple B is in configuration B in Figs. 2-3 with Cc = 200 pF.
Sample C is in configuration C in Fig. 4.
Next, we will describe the configurations in detail, dis-
cuss the electromagnetic simulation of configurations B-
D, and summarize the results of the study.
Configuration A
In this configuration, bondwire connections are placed
between the feedline and the resonator, and between the
resonator and the sample holder ground [Fig. S1(a)]. The
path for the rf return current is thus explicitly provided.
Modeling of the coupling strength between the feedline
and the resonator is straightforward as it is governed by
the coupling capacitor Cc. However, we suspect that
stray coupling to the resistive bias coils might lead to
an increase of the internal dissipation in the resonator.
Series impedance elements are placed to the coils for de-
coupling purposes.
Configuration B
Like configuration A, but without a bondwire connect-
ing the resonator to the ground [Fig. S1(b)]. The rf
return current flows through the bias coils. Unlike in
configuration A, there is a low-impedance connection be-
tween the coils and the ground. The low impedance at
radio frequencies is provided by capacitances on the order
of nanofarads. These capacitors are too small to influ-
ence the flow of the currents generating the magnetic flux
bias at low frequencies below 10 kHz. Analyzing the cou-
pling strength between the resonator and the feedline is a
complicated task because the coupling is determined by
stray electromagnetic fields.
Configuration C
Like configuration B, but with the coupling capac-
itor bypassed in order to achieve stronger coupling
[Fig. S1(c)].
Configuration D
Like configuration C, but with the bondwire from the rf
feedline connecting to a different location at the resonator
[Fig. S1(d)]. Again, the rf return current flows through
the bias coils.
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FIG. S1. Rf coupling configurations of the resonator sample. Wirebonds are depicted in green. The rf circuit elements are loop
inductance L, effective loop resistance R, parasitic inductance Lpar (from a trace connecting the loop to a shunt capacitance C),
coupling capacitance Cc, and rf characteristic impedance Z0. R represents mainly the intrinsic rf loss of the superconductor.
Simulation of configurations B-D
To gain qualitative understanding of the unconven-
tional bondwire configurations B-D, we carry out full-
wave electromagnetic simulations in Ansys HFSS. The
geometric model is depicted in Fig. S2. The simulated
magnetometer resembles Sample A. Traces on the mag-
netometer sample are of actual widths (loop: 10 µm,
parasitic: 30 µm), and they have a (kinetic) sheet reac-
tance of 6 mΩ. For simplicity, the simulation neglects
optimal rounding [1, 2] at the corners and intersections
of the loop. The rounding implemented in the actual
devices should prevent critical current crowding effects.
The interdigital shunt capacitor C of the resonator is ap-
proximated as a lumped element. We add some internal
dissipation to the resonator with a 100-kΩ lumped resis-
tor placed in parallel to C. The size and permittivity of
the magnetometer substrate are taken into account, but
the loss tangent of the substrate is set to zero.
The sample holder is a 0.8-mm-thick FR-4 board (r =
4.4, loss tangent 0.02) floating in an open space of vac-
uum. For simplicity, we simulate only one bias coil with
a single turn. It has a trace width of 0.3 mm, and an edge
length of 13 mm that corresponds to the average size of
the actual, three-turn dc bias coil. The losses of the cop-
per trace are modeled with a sheet resistance of 0.14 mΩ.
An rf excitation port interrupts a bondwire that connects
the coil to the magnetometer. The bondwire is approxi-
mated as sections of an infinitesimally thin, 100 µm wide
sheet. Furthermore, the coupling capacitor Cc of config-
uration B is embedded into the bondwire as a lumped
element.
FIG. S2. A screenshot of the simulation model for wirebond-
ing confguration C in Ansys HFSS.
We fine-tune C to produce a resonance frequency of
approximately 270 MHz in the simulation, which is close
to the value measured for Sample A. The output of the
simulation is a dataset of the impedance Zres (seen from
the excitation port) vs. radio frequency, and we convert
3it into an equivalent transmission S-parameter
S21 =
2Zres
2Zres + Z0
, (S1)
where Z0 = 50 Ω is the characteristic rf impedance. From
the simulated transmission parameter (Fig. S3) we ex-
tract the resonance frequency and the quality factors us-
ing the same fitting routine that is used for the experi-
mental data.
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FIG. S3. Simulated resonance lineshape of Sample A in rf
coupling configuration B.
Reference samples from low-Tc superconductors
Resonator samples with a minimal amount of internal
dissipation are necessary for evaluating the performance
limits of the sample holder and the different rf coupling
configurations. To this end, we have fabricated addi-
tional magnetometers from low-Tc superconducting films
sputter-deposited onto high-resistivity silicon substrates.
We study both niobium [3] (thickness d = 200 nm) with
a low kinetic inductance fraction αk, and niobium ni-
tride [4] (d = 165 nm) with a high αk. The layouts of
the low-Tc samples differ from those of the high-Tc sam-
ples in certain geometrical aspects: they have a narrower
trace width of w = 5 µm within the loop, and modified
dimensions of the interdigital capacitors. However, the
resonance frequency of the NbN magnetometer is similar
to that of the high-Tc Samples A and B.
A comparison of the configurations
Table S1 summarizes the effects of the variable rf
coupling configuration. We have measured the high-Tc
Sample A in all four configurations at a temperature of
T = 77 − 80 K, and simulated it in configurations B-D.
The low-Tc samples have been measured at T = 4.2 K in
configurations B and D.
With Sample A we are able reach higher values of the
internal quality factor Qi by moving from configuration
A into configurations B-D. Hence, it seems beneficial to
guide the rf return current through the bias coils. We
measure that the Qi of Sample A can increase by a factor
as large as two, despite studying the configurations B-D
at a higher temperature where we are more susceptible
to the superconductor internal loss. When comparing
the unconventional configurations B-D, we observe with
all the samples that D provides the strongest coupling
to the rf feedline. However, the configurations B-C are
more favorable in terms of achieving a high Qi.
We note that making the coupling between the res-
onator and the feedline weaker has the effect of pushing
the resonance frequency fr to a higher value. Based on
this relation we suspect that all configurations produce a
net capacitive coupling between the magnetometer and
the feedline. The simulated coupling strength, expressed
in terms of the external quality factor Qe, is in good
qualitative agreement with the measurements. The sim-
ulation overestimates Qe by a factor of less than two,
which we attribute to the simplified simulation geome-
try. The simulation omits the second bias coil as well as
the presence of a ground plane on the sample holder at a
lateral distance of about 5 mm from the superconducting
loop [Fig. 1(b)].
As a conclusion, we think that configuration B is well-
suited for sensitive magnetometry. This configuration
combines the highest Qi with an adjustable Qe. We note
that variations in the coupling strength can be realized
by placing some or all of the coupling capacitance onto
the sample holder in the form of rf-compatible, surface-
mount components. We present in Fig. S4 for all three
samples the measurement of Qi as a function of the mag-
netic flux density B0 generated by a current applied to
the dc bias coil. Here, the rf coupling configuration is B,
and further details are listed in Table S1.
WIRING DIAGRAMS
The detailed wiring diagrams for the time-domain mea-
surements of Sample A and B (Figs. 2-3 and Fig. S8)
are in Fig. S5 and Fig. S6, respectively. We carried out
frequency-domain characterization of the magnetometer
resonances (Fig. 4, Fig. S4, Table S1) with a a vector
network analyzer.
Cryogenic SiGe rf preamplifier
Our custom-designed cryogenic amplifier has four SiGe
heterojunction bipolar transistors [5], labeled Q1−Q4 in
Fig. S7. It is designed for the radio frequency range of
10 − 1000 MHz. It is built of low-cost, commercially
available surface-mount components on a two-sided FR-
4TABLE S1. Summary of measured and simulated resonator lineshapes at zero applied magnetic flux.
Sample Rf coupling configuration Environment Lineshape
(A) YBCO d = 225 nm A with Cc = 0.9 pF T = 77 K fr = 285.8 MHz, Qi = 2100, Qe = 350
(A) YBCO d = 225 nm B with Cc = 0.9 pF T = 80 K fr = 302.1 MHz, Qi = 4300, Qe = 15700
Simulated Qe = 22000
(A) YBCO d = 225 nm C T = 80 K fr = 301.3 MHz, Qi = 4200, Qe = 3900
Simulated Qe = 6200
(A) YBCO d = 225 nm D T = 80 K fr = 298.7 MHz, Qi = 3050, Qe = 930
Simulated Qe = 1760
Nb d = 200 nm B with Cc = 0.4 pF T = 4.2 K fr = 358.9 MHz, Qi = 86000, Qe = 28000
Nb d = 200 nm D T = 4.2 K fr = 346.2 MHz, Qi = 16000, Qe = 700
NbN d = 165 nm B with Cc = 0.4 pF T = 4.2 K fr = 275.2 MHz, Qi = 25000, Qe = 34000
NbN d = 165 nm D T = 4.2 K fr = 271.0 MHz, Qi = 13000, Qe = 1400
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FIG. S4. Measured resonator internal quality factor as a func-
tion of the applied magnetic flux density B0, for three types
of samples in rf coupling configuration B. The B0-induced fre-
quency shifts translate into maximal inductance variations of
0.14%, 0.03% and 2% in YBCO (Sample A, red), Nb (green)
and NbN (blue), respectively.
4 printed circuit board with a thickness of 0.8 mm. The
amplifier occupies an area of 20 mm × 15 mm on the
board, plus the footprint of input/output SMP connec-
tors.
We describe the roles of the transistors Q1 − Q4, all
of which are the model BFP 640F H6327 from Infineon.
The cryo-compatibility of this model has previously been
reported in Ref. 6. In our design, the stage providing
gain is the cascode formed by a common-emitter Q1 and
a common-base Q2. The amount of gain is controlled
with the impedance seen by the Q2 collector. We add
Q3 as a common-collector buffer stage. Finally, the role
of Q4 is to provide a dc voltage drop: the cryogenic base-
emitter voltage of SiGe is about 1 V. Broadband input
(output) match to Z0 = 50 Ω is achieved with feedback
consisting of a resistor Rfb and a capacitor Cfb (the choice
of resistors at the Q3 emitter).
At 77 K temperature, we use a supply voltage of Vcc '
3.5 V and the amplifier dissipates about 27 mW.
EXTENDED DATA
We present in Fig. S8 the magnetic field noise of Sam-
ples A and B as a function of the rf readout power level.
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FIG. S5. Detailed wiring diagram of Sample A for measurements presented in Figs. 2-3 and Fig. S8. We use the rf coupling
configuration configuration A. Readout rf signals are amplified and demodulated on a homemade four-layer printed circuit board.
All components on the board are of surface mount type: the rf amplifiers are from Mini-Circuits, and the IQ demodulator
and the intermediate frequency amplifiers from Analog Devices. The low-pass filters are first-order RC circuits with a corner
frequency of 16 kHz.
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FIG. S6. Detailed wiring diagram of Sample B for measurements presented in Figs. 2-3 and Fig. S8. We use the rf coupling
configuration B.
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FIG. S7. Simplified rf schematic of the SiGe transistor ampli-
fier. Elements omitted from the diagram include dc blocking
capacitors at input and output, as well as resistor networks
for setting the dc bias points of the transistors.
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FIG. S8. Measured magnetic noise of Samples A and B. The
rf readout power levels arriving at the samples are indicated.
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those presented in Fig. 3.
